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ABSTRACT 
In many microwayefapplications of direct or video 
detection there is a choice in the type of instrument to be 
used. Two of the more common devices for these applications 
are the silicon crystal diode and the hot wire bolometer (or 
the barretter). The purpose of this investigation was to 
study in detail the several characteristics of these two de-
tectors, to substantiate through laboratory experiments the 
general behavior of the detectors as predicted by the given 
theory, and in general to summarize the relative character-
istics of the two detectors within the frequency 1imits of 
most present-day equipment, 
The dynamic square^law response, the frequency res-
ponse, and the sensitivity are given as the primary character-
istics of the video detector for most microwave applications. 
These factors and their influencing detector parameters are 
discussed for both detectors, and several possible methods 
for improvement are considered. Typical curves are given to 
demonstrate the dependence of the detector performance on such 
parameters as the video load resistance, impedance mismatch, 
and video bias for the crystal; and the time constant and 
pulse width for the barretter. Th§ advantages and limitations 
of these detectors in several of the frequently used applica-
tions are discussed in detail. 
1 
CHAPTER I 
HS)TR0BWT10H •. f • 
Definition of Video ietection.--Vide© detection may be de-
fined as the process of recovering from a modulated wave 
a voltage ©r current that varies in accordan&e with the modu-
lation present ©n the waved). This detection process may 
be perf©rmed by an̂ y ©ne qf several de%ices. Experimental 
and theoretical discission ©f various facets ©f the opera-
tion of these devices has appeared in Widely scattered publica-
tions. The ©bjective of this investigation is to f©rmu1ate 
fr©m the existing theory and from any necessary 1ab©rat©ry 
experimentation a comprehensive functional description and 
relative eomparis©n ©f the tw@ devices most often used as 
microwave vide© detectors--the crystal and the bol©meter. 
This thesis will present in a single diseussi©n a c©mparative 
description ©f these two detectors that will assist in their 
pr©per uti 1 ization, and it will also point oat the means by 
which ©ptimum vide© detection performance may be effected. 
First, before discussing these detection devices, it 
is necessary t© describe the factors that will best character-
ize the video detector., 
JU 
Numbers in parentheses refer to the bibliography. 
Modulation detection implies a means of detecting 
and transferring to the output terminals the enveltope of 
a g iivejn si gftal , thus poss i bl y requi i r i ng a system of 1 arge 
video bandwidth for good signal fideli ty. However, this is 
not always the case. Depending upon the particular applica-
tion, the required bandwidth may vary from a few cycles to 
a bandwidth in the order of megacycles. Thus, the video band-* 
width required of the system is an important characteristic 
in defining the detector performance and has a large influ* 
ence upon the selection of the detection device. Another 
factor directly related to the video bandwidth, but often 
discussed separately, is the video respbnse of the detection 
system. This response is a measure of the ability of the sys-
tem to reproduce the envelope of the modulation contained with-
in the applied signal. For pulse modulation this response 
may be defined in terms of rise time;- otherwise it is neces-
sary to consider the frequency spectrum of the detected signal. 
The video response of the system output may vary over wide 
limits. For applieations such as envelope detection it is 
desirable to have true modulation reproduction, while in cer-
tain laboratory measurements it is only necessary to establish 
a correspondence between the applied signal and the detector 
output. 
The direct detection employed by the video-detection 
system differs from the mixer or superheterodyne system in 
that there is no local oscillator to apply a constant signal 
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power to the detector for maintaining an a-c bias about a 
particular power level and to provide a means of generating 
an intermediate frequency. Thus, the direct detector is a 
simpler system that does not have the additional complexity 
introduced by the local oscillator and intermediate-frequency 
(i-f) and possibly radio-frequency (r-f) amplifiers. But to 
compensate for this simplicity, the performance of the direct 
detector with no local biasing oscillator is dependent upon 
the amplitude of the applied signal. While the mixer crystal 
detector always functions in its linear detection range, the 
video detector is not restricted in this manner; the possible 
useful dynamic range of the video detector is determined by 
its known dynamic response, usually in the low-level square-
law region. Hence, a third important video detector character-
istic is the dynamic detection law. 
A last important characteristic is the sensitivity 
of the detector. This sensitivity describes the ability 
of the detection device to produce an output for a given in-
put variation. Although the sensitivity of the several video 
detectors will vary considerably, the direct detection system 
has a poor sensitivity as compared with that of the super-
heterodyne system; this difference may be as great as 40 db(2). 
Also associated with the detector sensitivity is the minimum 
detectable signal, a characteristic determined by the sensitivity 
and the noise level of the system. A means often used to des-
cribe this minimum power level is the tangential signal 
k 
sensitivity, defined as the amount of signal power below a 
one milliwatt reference required to produce an output pulse 
whose amplitude is sufficient to raise the noise fluctuation 
by an amount equal to the average noise level. 
To summarize, four important characteristics of the 
direct detection system are: 
1. bandwidth 
2. video response 
3. dynamic detection law 
k. sensitivity 
These factors are interrelated and it is not always possible 
to obtain the optimum of two or more of them simultaneously. 
Detection Elements.--At present several devices are employed 
as video detectors. The diode rectifier is ordinarily used 
for most applications of direct video detection of amplitude 
modulated waves. At the lower frequencies where the transit-
time effects are negligible, the diode vacuum tube is the 
most popular detection device. At the higher frequencies 
and into the millimeter wavelength region the silicon crystal 
diode, a point-contact type semiconductor rectifier, is the 
most frequently employed. The next most common group of de-
vices used for video detection is considered under the general 
classification of bolometers, or thermally sensitive detectors. 
This group is further subdivided according to the polarity of 
the temperature coefficient of resistivity: the thermistor with 
a negative coefficient and the barretter with a positive 
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coefficient. The barretter includes such elements as the 
Wollaston wire bolometer, selected fuses and metallic films. 
While the crystal demodulation process depends upon the 
crystal rectification characteristics, the bolometer demodu-
lation results from its change in resistance as it absorbs 
power. A study of these two methods of video detection and 
their performance characteristics is the purpose of this 
study. Instead of considering the group of bolometers as 
a whole, only the Wollaston wire bolometer will be discussed 
and will henceforth be more simply referred to as the barretter. 
The Wollaston wire bolometer has certain advantages over the 
other thermal detectors and is thus more frequent]y used at 
the microwave frequencies. 
In addition to the microwave video detectors named 
above, there are several other detectors that are used to 
varying degrees. The thermistor may be used in the same man-
ner as the barretter except that it is limited by a much 
larger thermal time constant. Several other devices normally 
considered only as infrared and heat detectors have been used 
successfully at the millimeter wavelengths; these include such 
instruments as the thermocouple, the termopile and the Golay 
eel 1(3). Also, recently a crystal detector constructed in the 
form of a wafer to be mounted across the waveguide has been 
developed by Bell Telephone Laboratories^). This detector 
and ©ount is intended to eliminate the need for tuning adjust-
ments and to make the crystal and mount less frequency 
6 
sensitive. Although the unit was designed primarily as a 
mixer detector for the four to seven millimeter wavelength 
region, it has been used successfully as a video detector 
to wavelengths as short as 2.8 millimeters. This crystal 
detector was not available during this investigation. 
The Objective.--The largest void in the frequency spectrum 
at the present exists betweent he rather familiar wavelengths 
normally associated with radar and those of infrared. The 
objective of this study is to summarize in one paper the 
known operational characteristics of the silicon crystal and 
the Wollaston wire bolometer (or barretter) as applied to the 
problems of video detection and to extend the generalization 
of these characteristics by justification through laboratory 
experiments to the highest available frequencies that are now 
being considered for radar and similar applications. The rela-
tive utility of these two detectors will be based upon the 
several characteristics of each as applied to specific types 
of video detection applications rather than by direct labora-
tory comparisons; this procedure will be seen to be justified 
because the dissimilarity between the two detectors gives each 
an area of superiority. The maximum dynamic limit for the 
detector characteristics to be discussed here will be approxi-
mately 10 milliwatts ( -10 dbm)* and the frequency range will 
*The dbm is a measure of the power level in decibels with 
1 milliwatt equivalent to 0 dbm as the reference power level. 
7 




THE CRYSTAL-VIDEO DETECTOR 
General Characteristies.--The crystal diode is the most often 
used device for video detection at the microwave frequencies. 
This degree of acceptance is due to the relatively good sensi-
tivity and small size that characterize the crystal as a video 
detector. 
Since this discussion is limited to only the video de-
tector, it is desirable to compare some of the general charac-
teristics of the crystal-video system with those of the crystal 
mixer system. Several rather prominent differences wi11 be 
noted. The crystals designed specifically for the low power-
level operation, normally required for the video detector, 
are very similar to those used as mixer detectors. However, 
the crystal-video detector has a more sensitive contact point 
on the crystal and is therefore more susceptible to burnout 
and mechanical breakage than the mixer crystal. This addition-
al fragility must be tolerated to increase the signal sensi-
tivity of the video detector; this increased sensitivity is 
required because of the overall lower sensitivity of the video-
crystal system as compared with the mixer-crystal system. The^ 
mixer-crystal system is able to obtain a considerably better 
signal-to-noise ratio through its associated i-f,amplifiers 
than is possible with the video detector and its amplifier. 
9 
The video system does have the advantage of a much wider r-f 
bandwidth; the limits are determined for the most part by 
the detector itself. Because of the high gain normally re-
quired of the video amplifier, the video system does not have 
as good a video response as possible with the mixer system. 
In addition, if good frequency selectivity is required of the 
video system, additional filtering is desirable at the input 
to the detector. Thus, use of the crystal-video system is 
limited to applications that do not require either very high 
sensitivity or very good pulse reproduction. 
The ideal low-level crystal-video detector is a square-
law device. Because of this square-law characteristic the 
video amplifier must have twice the dynamic range of the video 
detector, that is, for the video system to have a dynamic 
response of 60 db, the video amplifier must have a dynamic 
response of 120 db. With the square-law detection, two volt-
age signals compared at the video output will differ by twice 
the voltage difference at the microwave input to the detector. 
This effect results in a two-fold greater signal-to-noise 
ratio for the square-law device compared with the linear detec 
tor for any given gain and noise characteristics. Hence, a 
change in the system bandwidth will affect the minimum noise 
level of the video system; however, this effect will be only 
half as great as with the linear detector. 
The microwave crystal detector is a semiconductor, 
usually silicon, with a tungsten catwhisker all encased in one 
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of several standard mounts(5). The two most common types of 
mount construction are the cartridge and the coaxial mounts. 
The coaxial mount is generally employed at frequencies of 
10,000 mc. and higher because of the minimization of mechani-
cal effects. 
Figure of Merit.--One method that has come into popular usage 
for characterizing the performance of the crystal-video detec-
tor is the figure of merit, M. The noise figure, a sensitivity 
factor associated with crystal-mixer applications has no mean-
ing for the square-law detector, whose noise is a function of 
the signal level and bandwidth. Instead, a figure of merit 
that is proportional to the signal-to-noise ratio of the 
crystal has been defined(5) as 
M • B Rv 
\/Rv * Ra 
where B = current sensitivity of the crystal 
Rv
s crystal video resistance 
Ra" amplifier equivalent noise resistance. 
However, this method of describing the crystal-video system 
has certain disadvantages for many applications, particularly 
for low level signal detection and envelope viewing. The fig-
ure of merit yields information on the system performance only 
at a particular power level, and thus does not give a complete 
description of the crystal operation. For completeness a short 
derivation of the figure of merit is included in Appendix 1. 
11 
Detection Law.--A1though this discussion is limited to a com-
parison of two approximately square-law detectors, it is de-
sirable to consider the relationship that exists between the 
idealized linear and square-law detectors. The detected video 
power of the perfect linear detector is directly proportional 
to the applied microwave modulated power permitting complete 
energy conversion under ideal conditions. However, this direct 
proportionality does not exist with the square-law detectors; 
the detected video power is related to the square of the ap-
plied microwave power. This squared relationship would allow 
the square-law detector to become a power source if it were 
valid for values of the applied microwave power above a cer-
tain maximum limit. Thus, in contrast to the linear detector, 
the ideal square-law detector has a maximum microwave power 
limit at which it may be operated. In general, this upper 
limit for the ideal square-law range is not fixed but is de-
pendent upon the other detector characteristics. This maximum 
power limit corresponds to the point at which there is complete 
power transfer by the detector, or ideal linear detection. 
Hence, the square-law detector must always function in a power 
region where the efficiency of the detection process is vari-
able and less than 1Q0 per cent, even for the ideal case. 
Fig. 1 shows an idealized graph for square-law and 
linear detection. The region above curve .A corresponds to 
power generation while that below curve A corresponds to power 
loss. Hence, the maximum range of the square-law detector is 
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shown to be the limiting value on curve A where the square-
law detector functions as a linear device. From Fig. 1 a 
square-law relationship may be obtained as 
log Py = 2 (log PM - log PR) 
where Py = detected video power 
Pft - applied microwave power 
PR = arbitrarily chosen reference point on Fig. 1. 
This equation reduces to 
where K = 7? is a factor that determines the region of square-
ly 
R 
law operation and is dependent upon the detector characteristics. 
The performance of the square-law detector may be par-
tially described by the parameter K or P«. Depending upon the 
value of K, it is possible to shift the square-law detection 
curve along the PM axis giving possible characteristic curves 
such as |_ and _G in Fig. 1. It is possible, therefore, to con-
trol the maximum limit of the permissible applied power for 
square-1 aw response, that is the dynamic range, by varying K. 
In addition, if the P^ axis of Fig. 1 is considered as the 
lower practical limit set; by the video noise of the detection 
system, it is obvious that the minimum detectable signal is 
also dependent upon K. Then, in general, it is not possible to 
obtain simultaneously both a wide dynamic response and a low 
limit to the minimum detectable power with a given detector. 
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If the applied power, P^, were to increase beyond the 
value given for the limit of the ideal square-law range, the 
perfect square-law detector would "break11 from its square-law 
mode of operation and continue as a linear detector. The de-
tector would go from a square-law power region of varying ef-
ficiency to one in the ideal case of 100 per cent efficiency. 
In practice this result is approximated by the crystal, that 
is as the applied power is increased there is a transition 
from the square-law to the linear mode of operation. This 
transition, however, is not as simple as indicated in the 
ideal case. Some devices may be operated as a square-law de-
tector but not as a linear detector; the bolometer is an ex-
ample. If it is not possible for the detector to function 
with a 1inear detection law, it is necessary that another 
physical limit be reached before the square-law response of 
the detector reaches its maximum power limit at the point of 
linear detection. For the bolometer, this would correspond 
to burnout. 
The above discussion is not practical in that the ef-
fect of losses is neglected. These losses will not permit 
the simple relationship between the square-law and the linear 
modes of operation as described above. The true crystal detec-
tion law response may be divided into a region of low power 
level square-law response, a transitional region, and a region 
of linear response without the direct proportionality of the 
ideal case. It has been shown by the simple semiconductor 
14 
theory (5) that in the square-law region and into part of the 
transitional region (up to approximately -30 dbm) the voltage-
current characteristics of the crystal may be related by 
i0 = A(e
B V - 1) (2) 
where iQ
 s current generated by the crystal 
V = voltage applied across the crystal 
A and B = factors independent of the applied power 
that describe the crystal and Its im-
pedance relation to the remaining circuit 
A Taylor series expansion for equation (1) about some given 
operating point gives 





The square-law characteristics may best be demonstrated by 
assuming an applied sinusoidal voltage, V = VQ sin wt. 
This voltage substituted into the above equation gives 
B3V3 . 
' • = A 
B2V§ 
BV 0sin Wt - — - (1 - cos 2wt) - . o"i sin-5 wt - - -




° (1 • ° • - - - -) (3) k 16 
where lQ is the rectified output current. Note that only the 
even harmonics of the applied voltage are contained in the above 
series expansion and only these components contribute to the 
15 
demodulation current. As is to be expected with a power series 
expansion, as V increases a larger number of terms is required 
in the expansion to obtain a good approximation to the true 
result.. This indicates that as V increases, the detector 
o 
characteristics vary further from the desired square law res-
ponse. For the lower power levels, as V approaches zero, the 




By squaring both sides of equation (k) and noting the result-
ing power relationship, it may be shown that this result is 
in the same form as equation (1). As true with equation (1), 
this approximate result is adequate only for the perfect 
square-law range and is thus restricted to the very low power 
levels. Equation (k) is valid only when the higher harmonic 
components of equation (3) may be neglected. These higher 
ordered components are dependent upon the applied voltage 
and the impedance factor B, which is related to the mismatch 
between the crystal and the remaining system. Therefore, 
the crystal response is dependent upon the parameter B as the 
applied power is increased beyond the upper practical square-
law limit. The power-law relation for the voltage applied 
across the crystal and the generated current at any given 
power level is defined as 
I • KjV1 (5) 
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where K = constant similar to K in equation (1) 
that is dependent upon the detector 
characteristics. 
L : detection law of the crystal at any given 
power level. 
With the aid of the loglog graph of Fig. 1 it is possible to 
define L as 
d(log Pv/) 
L = * v (6) 
d(log PM) 
where Pw and P are defined with equation (1). In the transi-
tional region between L = 2 and L * L, the detection law, L, 
is dependent upon B in such a manner that L may vary over 
rather wide limits, from the limiting value of 1 to as high 
as 3 or more in some instances. This range of the detection 
law and the deviation from the ideal response may be seen in 
Fig. 2. Curves J3 and £ give the approximate practical extremes 
in the crystal detection law as the parameter B is varied. 
The square-law detection range may be extended by making 
a proper choice of B in equation (3). The value of B must be 
chosen so that just a sufficient number of higher order terms 
will be present to cause curve £ to extend further along the 
ideal square-law curve in Fig. 2. This Is discussed in more 
detail in the next section. 
It has been shown that the crystal detection law is a 
function of the input signal level and the constants that 
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describe the crystal. The result is that, except for the low 
power levels, the output from the crystal-video detector varies 
considerably from the desired square-law response, and it is 
not easily possible to define the power response, 
Impedance Match.--The crystal detector may be considered as a 
two-terminal^pair network as shown in Fig. 3 where Z and Z 
are the microwave and video impedances as seen by the crystal, 
and zm and zv are the input and output impedances of the crystal. 
Usually, the crystal mount will be placed in the microwave 
circuit so that for any given power level it is possible to 
match zm with Z , However, most equipment provide no means 
for matching zv to the video load impedance Z . This problem 
of impedance matching is very difficult since both z and zy 
are functions of incident microwave power level, 
Since the microwave impedance, zm, is a function of the 
incident power level, it is not possible to match the crystal 
mount to the transmission line at one value of incident power 
and expect this to be adequate with any fluctuation of the 
incident power. The microwave reflections resulting from this 
mismatch will result in a change in the crystal sensitivity 
and detection law. For proper performance of the detector, 
it is necessary that the input impedance to the crystal mount 
be readjusted at each power level to an optimum match with 
the transmission line. In addition, if the signal incident 
upon the crystal does not have rapidly changing leading and 
trailing edges, the effect of the varying power level at these 
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edges will result in a slight additional distortion of the 
video wave shape because of the varying input impedance match. 
With a reduction in sensitivity, it is possible to reduce the 
effect of the microwave impedance mismatch by placing a fixed 
resistance equal to the characteristic impedance of the trans-
mission line in parallel with the crystal. This will reduce 
considerably the effect of the microwave reflections but will 
result in a rather large reduction in sensitivity. An approxi-
mate experimental curve showing the effect of the microwave 
impedance mismatch is given in Fig. 11. 
The video resistance of the crystal has been found to 
vary approximately as shown in Fig. k where the maximum re-
sistance and the slope of the curve will vary between types 
of crystals(6). The variations of the video-crystal detection 
law may be partially explained by the variations in R as indi-
cated in Fig. k. This results in a varying mismatch between 
the crystal and its video load. Since in equation (3) the 
variation in the detection law has been seen to be dependent 
upon the higher order terms and the factor B, the video resis-
tance as a factor included in B will influence the detection 
law. Therefore, the video-crystal response is dependent to 
some degree upon the mismatch between the crystal and its 
video load. A general result has been developed (7) that re-
lates the video load to the crystal characteristics, which may 
be used with reasonable accuracy in predicting the crystal per-
formance for any given load. If the voltage applied-to the 
19 
crystal is assumed to be sinusoidal, and if it is assumed that 
the voltage applied across the crystal is the total voltage 
minus the drop across the load, it is then possible through 
equation (2) to obtain an expression for the average detected 
current, 1Q, in terms of the load resistance. This has been 
shown to resultin 
HQ (BVQ) = /BRI^ • l\e
B R ,° (7) 
\ A B T " / 
where H is the modified Bessel function of the first kind of 
o 
order zero. This result plotted for various values of load 
resistance compares very favorably with the true response, 
such as that indicated in Fig. 2 and as given in Fig. 13. 
As indicated in Fig. 2, the fact that the video resis-
tance varies with the applied microwave power may be of value 
in extending the dynamic square-law response of the crystal. 
If at the higher power levels (0 dbm) the crystal video re-
sistance is greater than its load resistance and at the lower 
power levels (-30 dbm) the crystal video resistance is proper-
ly matched to its load, the curve j3 of Fig. 2 wi 11 follow 
more closely the desired square-law response. This requires 
a unique load impedance such that the video mismatch will re-
sult in the correct effect from the higher order terms in 
equation (3) to give a characteristic curve that more closely 
follows the square-law response. Equation (7) may be used to 
obtain the desired load resistance if the dynamic range of the 
applied signal is known. It has been found that the square-law 
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response may be extended 10 to 15 db by the proper choice of 
the load resistance(6,7)• Usually in practice no attempt is 
made to extend the operating range of the crystal by utiliz-
ing this video mismatch. This may be partly explained by the 
careful choice of the load resistance that must be made and 
by the still relatively poor square-law detector that results 
after this increase in the dynamic range. Also, as may be 
seen by Fig. 13, there is a slight decrease in sensitivity 
of the video-crystal detector with the addition of the larger 
video load. 
Frequency Sensi tivi ty.--The video crystal is somewhat fre*» 
quency sensitive; this is chiefly because of the frequency 
characteristics of the detector mount and the barrier capaci-
tance of the crystal. Thus, unless the crystal is to be 
used at a fixed frequency it is necessary that the mount or 
the associated microwave eircuitry be tunable. Normally the 
crystal mount is provided with only an adjustable waveguide 
plunger that will compensate for the reactive component of the 
microwave mismatch. The wafer type crystal mentioned in 
Chapter I has been designed for the purpose of decreasing the 
frequency sensitivity of the mount. It was found that a mis^ 
match loss of 1.6 to *K0 db resulted from 17 per cent change 
in frequency with no tuning(3). 
The inherent characteristics of the crystal limit the 
maximum frequency that may be detected without excessive attenu-
ation. Although the crystal barrier capacitance is considerably 
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less than the capacitance of other devices and is usually 
neglected at the lower frequencies, its effect becomes more 
pronounced at the higher frequencies. Commercial crystals 
are available with discontinuous coverage and reduced per-
formance down to eight mm(2,3). The open waveguide type 
crystal detector has been used to shorter wavelengths and 
with greater sensitivity; but these detectors are extremely 
fragile and difficult to handle. 
Video Response.--The video response of the crystal detector 
is relatively very good and it is adequate for most applica-
tions. With no load conditions the video time constant is 
in the order of 0.002 microseconds (8) which is more than 
satisfactory for most applications. However, the video re-
sponse of the crystal detector is dependent upon the video 
output circuit in addition tothe crystal parameters. This 
relationship has the effect of greatly influencing the signal 
fidelity of the crystal detector output. In general the 
response of the detector is dependent upon the internal driv-̂  
ing resistance of the crystal, the system shunt capacity, and 
the video load resistance. It was stated above that the op-
timum square-law response of the crystal is dependent upon 
the internal video resistance of the crystal and its load. 
Hence, with these opposing interacting effects it is not pos-
sible to obtain both optimum square-law response and good 
signal reproduction simultaneously. The best signal fidelity 
occurs with a very high load impedance while a load resistance 
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of at most a few thousand ohms is required for the maximum 
square-law response. The effect of decreasing the load 
resistance is to increase the oscillatory characteristics of 
the crystal and its load; this result is a rapidly decaying 
high frequency transient superimposed on the detected output. 
Thus, in most practical applications a distorted output sig-
nal is to be expected from pulse envelope detection unless a 
very high load impedance and a resulting shorter square-law 
range may be tolerated. 
Some improvement in the signal reproduction may be 
realized by applying a small positive d-c bias across the 
crystal. This has the effect of lowering the internal re-
sistance of the crystal without appreciably reducing the 
sensitivity. A marked increase in the signal fidelity re-
sults; this may be seen in Fig. \k. Thus, it is possible to 
partly compensate for the increased response time of the crys-
tal when operating with a small resistance load by the applica 
tion of a small positive d-c bias. 
Minimum Detectable Signal.--The minimum detected signal is a 
characteristic that makes the crystal more acceptable than 
most other devices for direct application. In addition, at 
the very low power levels where the crystal has the superior 
sensitivity, the crystal is in its operating range of approxi-
mate square-law performance. 
The minimum detectable signal is normally defined as 
the input signal reduced to the noise level of the system, 
m 
that is the signal-to-nbise ratio, S/N, is unity. In Appendix 
1 the signal-to-noise ratio for the video crystal detector 
and its video amplifier is given by 
S • MPM 
N N A K T B W 
where M • figure of merit for the crystal at that 
particular power level as defined by equa-
tion (25) in Appendix 1 
K = Boltzman's constant 
T a absolute temperature 
B%,
 z system bandwidth w 7 
Therefore, with the incident signal power equal to the noise 
power the minimum detectable power level is given by 
(PM)min =/^[V (8) 
M 
Hence, the minimum detectable signal is related to the figure 
of merit (or more exactly, the internal crystal video resis-
tance to the video amplifier), the bandwidth of the system, 
and the frequency spectrum of the incident signal. 
The crystal application and the spectrum of the inci-
dent signal will generally determine the bandwidth to be re-
quired of the system, and this will in turn establish the 
minimum detectable signal. For narrow-band applications such 
as VSWR measurements, the system bandwidth need be only suf-
ficiently wide to pass the fundamental frequency of the incident 
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signal; then a correspondence may be established between the 
incident signal and the magnitude of the detected fundamental 
component. Therefore, this very narrow bandwidth allows the 
crystal to be used for much lower level measurements (down to 
the order of micromicrowatts). However, for applications in-
volving envelope detection the bandwidth must be considerably 
wider and the minimum detectable signal that may be detected 
is thereby increased. Cheng (9) has given a relation between 
the pulse rise time of single and recurrent pulses and the 
bandwidth required to pass that pulsed signal. The rise time, 
tp, of a single transient pulse is related to the system band-
width, Bw, by 
tr = ~2B 
w 
This indicates that, as the sharpness of the pulse and the 
number of harmonic components is increased, the bandwidth of 
the system must also be increased proportionately. 
Summary.--The characteristics that describe the crystal per-
formance as a video detector may be summarized as follows: 
1. The dynamic response is approximately square-law 
at the low power levels (noise to about -30 dbm). 
2. The crystal may be used as a power-law detector 
over a larger dynamic range by using a calibration curve; for 
dependable results each crystal must be calibrated. 
3. The square-law response may be extended by the 
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proper choice of the resistive load. 
k. The crystal has a very low minimum detectable signal, 
as compared with other video detectors, in the order of 9 x 10"" 
microwatts for a 25 cycle bandwidth. 
5. Through equation (7) it is possible to theoretically 
determine the actual voltage applied to the crystal by the 
measurement of the crystal current. 
6. Square-law detection and fast video response are 
considerably improved by using the optimum load impedance 
rather than the more standard 200 ohm load. 
7. The detected signal fidelity may be improved with 
little reduction in sensitivity by applying a small positive 
drc. bias. 
8. It does not seem possible to obtain simultaneously 
both high sensitivity and square-law response over both a 
broad frequency and power spectrum. 
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CHAPTER I I I 
THE BARRETTER VIDEO DETECTOR 
General Characteristics.--The barretter to be discussed here 
is a very fine wire thermal detector that is normally con-
sidered under the more general heading of bolometers and is 
defined as a hot wire element with a positive temperature 
coefficient of resistivity. Usually, the barretter at the 
millimeter wavelengths consists of a small length of Wollaston 
wire with a very low thermal time constant. The Wollaston 
wire is constructed of a very fine thread of silver-coated 
platinum carefully etched so that the remaining platinum 
filament gives the desired ohmic resistance. The barretter 
construction is generally one of three types: cartridge, 
coaxial, and wafer. The external appearance and size of the 
cartridge and coaxial housing (5,8) for the barretter is simi-
lar to that for the crystal detector; this allows the inter-
change of the two detector elements within the same mount. 
At the higher frequencies the wafer type construction is more 
common; the mount consists of a straight section of rectangu-
lar waveguide in which the barretter is mounted across the 
guide between two low dielectric plates. 
As desired with the crystal-video detector, the ideal 
microwave barretter detector has a squares-law response. The 
barretter nearly satisfies this requirement in that it has 
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an approximately linear characteristic of d-c resistance ver-
sus incident power over a large portion of its resistance 
range. The basis of operation for the barretter is the con-
version of the incident microwave power to heat within the 
detector element; this heat then raises the temperature of 
the element and causes a related change in the detector re-
sistance. This resistance variation is observed by passing 
a bias current through the detector and noting either the 
current changes through the element or the voltage variations 
at the terminals of the elements. 
When the barretter characteristics are described by 
the factors given in Chapter I, it will be observed that in 
many respects the crystal and barretter have opposite desir-
able characteristics. The wide acceptance of the barretter 
for some applications is because of its very good dynamic 
square-law response. For low and medium power levels this 
characteristic makes the barretter very acceptable for such 
uses as VSWR and impedance measurements. Again in constrast 
with the crystal detector, the barretter time constant is too 
long for the envelope detection of modulation frequencies above 
a few thousand cycles. Another important characteristic of the 
barretter is that no upper frequency limit of carrier detection 
exists below the infrared spectrum. 
Detection Law.--The dynamic detection law of the barretter 
nearly approaches the ideal square-law requirement if the de-
tector is operated with only small changes of element 
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temperature. This approximation is considerably better than 
can be obtained with the crystal or the thermistor, another 
thermally sensitive device in common use. The variation from 
the ideal square-law for the barretter is the result of cer-
tain conduction and radiation losses at the ends and along the 
length of the fine wire(10), In order to remove the effect 
of cross sectional area of the wire from the barretter para-
meters and to make the detector essentially independent of 
frequency, it is necessary that the diameter of the wire be 
small compared to the wavelength of the incident signal. This 
result is usually attainable. Thus, the power absorbed by 
the wire is then a function of the wire length, bias current, 
and construction. Although it may be shown that the barretter 
is not a perfect square-law detector (11), it has also been 
demonstrated (10) that the errors resulting from the conduc-
tion and radiation effects are almost negligible. A very 
thin wire mounted in air is predominantly cooled by convection, 
and except for the end effects, this convective cooling along 
the wire is substantially constant. For example, it has been 
shown by the above reference that the radiation loss is less 
than one per cent of the convection loss up to the melting 
point of the wire. This heat loss results in an extremely 
uniform radial temperature distribution and the resistance of 
the element is a function only of the lengthwise distribution 
of temperature. 
3T 
Impedance Match,--The barretter and its mount must have the 
proper impedance match with respect to both the transmission 
line and the video load if proper performance is to be expect-
ed of the detector. However, this problem with the barretter 
is not nearly so severe as with the crystal. Where the video 
resistance of the crystal would change from 5000 to 1000 ohms 
over its operating range, the barretter will only change 10 
to 20 ohms or about 5 per cent of its biased resistance. There-
fore, the impedance mismatch between both the transmission line 
and the load does not have too great an effect upon the barret-
ter performance. Whereas the crystal mount was by necessity 
tunable, the barretter is almost always operated in an untun-
able mount. This has the very desirable characteristic that 
there is no requirement for the adjustable matching elements 
which may introduce an additional variable error. Thus, it 
is necessary for the detector mount to act as a matched termi-
nation for both the transmission line and the video load. It 
is rather easy to construct the detector mount so that it func-
tions as a conventional low-pass filter and presents a good 
match to the characteristic impedance of the line(12). 
Frequency Sensitivity.--As stated above, the barretter may be 
so constructed that it is essentially insensitive to frequen-
cy up to its maximum design frequency; that is, the diameter 
of the detector element is sufficiently small so that the 
heating effect at the given frequency will very closely approxi-
mate the heating effect of a d-c current. Therefore, if the 
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barretter mount is designed with a wide v-f bandwidth, it is 
possible to use the barretter within the frequency limits of 
the mount with no additional tuning adjustments. 
Video Response.--It has been shown (10,11) that the tempera-
ture variations for the barretter element may be approximated 
by equation (9) below with the assumptions that the barretter 
heat capacity, G , and the coefficient of heat loss to the 
surroundings, tf , are independent of the temperature, that 
the element has a uniform temperature distribution along its 
length, and that the heat loss to the surroundings is pro-
portional to the temperature rise. 
Cp d U(t) + tf U(t) = P(t) 
¥t 
where u(t) and p(t) are defined respectively as the element 
temperature as a function of time and the microwave power 
applied to the barretter. 
If the barretter temperature coefficient of resistivi-
ty, CK , is assumed to be constant, the resistance of the 
barretter may be related to its temperature by 
M ^ * Ro t1 * *U(t)] 00) 
where RQ is the biased resistance of the detector. The solu-
tion of equation (26) for pulsed power conditions as shown in 
Fig. 5a is given by equations (40) and (41) in Appendix 2; the 
barretter resistance as a function of time during and between 
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the pulses is found to be 
I T-t] 
Rbl ( t ) = V'-OVl1 " e ̂  1 * e"~^ 
1 - e"T- ' (ii) 
for o - t - tj 
-*1 \ t-ti 
1 - e T" A ' 
Rb2(t) = R 4 QP ' T e" ^ b2 ° ° Vl - e4 / (12) 
for ^ * t * T 
R<* 
where Q = y . , the power sensitivity constant 
7" - detector thermal time constant 
t, = applied signal pulse width 
T. = period of the applied signal 
From equations (11) and (12) it is possible to derive two 
simplified approximate solutions that will aid in the analysis 
of the barretter as a useful instrument for practical applica-
tions. The first solution is valid for the conditions that 
ti >> 7" and T - 2tj, that is, assuming that the thermal time 
constant of the barretter is very short as compared with the 
pulse width of the applied power pulse and that the interval 
between the pulse is at least as long as the pulse itself. 
This requires the barretter resistance to reach its maximum 
value within a small fraction of the time of the applied pulse 
Hence, equation (11), giving the barretter resistance during 
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the interval of the pulse, simplifies to 
:bl 
t 
Rhi(t) s K * QP (] " e"T) 03) 
*1 
t] > > r 
T * 2t] 
The maximum value of Rh,(t) is then given by 
Rbl(max) = RQ + QPQ (14) 
t_ 
Since e approaches its minimum value within a short time 
after t = 0, and since t]^)7^, the detector output may be 
approximated by the result given in equation (14). The error 
introduced by these assumptions may be seen to increase rapid-
ly as the ratio t̂ /?- is reduced. The approximate shape of 
the output time response from the barretter under these con-
ditions may be expected to be similar to that shown in Fig. 5b, 
If the barretter is operated with a constant current source, 
the video voltage appearing across the barretter with its 
resistance given by equation (14) will have a magnitude pro-
portional to the incident microwave power level and a fre-
quency equal to that of the modulating source. Note that the 
linearity of the time constant,7~> is not a factor in equa-
tion (14), but the power sensitivity constant, Q, is dependent 
upon the linearity of the coefficient of heat loss to the 
surroundings, y , and the barretter coefficient of resistivity, 
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oi . When typical barretter time constants are considered, 
it is obvious that the assumption tj»?"i5 a rather large 
restraint on the resulting frequency response of the detector. 
With typical time constants of 80 to 250 microseconds the 
video frequency response is severely limited. The condition 
ti»?* is not usually valid above about 2000 cycles per sec-
ond. The result is that the barretter is of almost no value 
as an envelope detector except at these rather low frequencies. 
Hence, the response of the barretter to the common square 
pulse will not be very satisfactory for most applications. 
With the condition that T * 2tj the interval between 
the two pulses will consist of a very rapidly decaying expon-
ential as in Fig. 5b and will have no effect upon the next 
cycle. Under the given condition equation (12) may be approxi-
mated by 
t - t] 
Rb2(t) = RQ • QPQe" > (15) 
for t1 - t ̂  T 
Since tj/>>?~ , this result very rapidly approaches the limit 
R , which is the bias resistance of the barretter. Again, the 
relatively large thermal time constants normally associated 
with these detectors allow the limiting solution, Rko^t) = ^0» 
to be of practical value only at low modulating frequencies. 
Otherwise, the relation given in equation (15) is more 
appropriate. 
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With the condition that t|>>7", the barretter as a 
video detector is often described as a "short time constant" 
detector. 
The second special case is the approximation valid 
under the condition t|«7-«T» that is the thermal time con-
stant of the barretter element is much longer than the pulse 
width of the-applied signal, but the interval between the 
pulses is sufficiently long to allow the barretter resistance 
to return to its original value prior to the next pulse. 
Under these conditions equation (11) for the resistance 
during the pulse may be approximated by 
-t 
Rb](t) - RQ t QPQ(1 - e"^) o « t « tj (16) 
A Taylor series expansion of equation (16) yields 
Rkl(t) = R t QP t ,, t , 
blv o ±-n— (1 - r ) 
The approximation ti <̂  7" reduces this equation to 
Rbi<t) " % * 2!j± (17) 
T~ 
Equation (17) evaluated at t • tj gives the total change in 
resistance, ARk, equal to _i£o5l. Thus, equation (17) 
r 
may be normalized as 
%]M * RQ • J ^ t o « t « t 1 (18) 
z 1 
nth cycle 
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For the interval between pulses, the barretter resis-
tance from equation (12) is approximated by 
t-t, tj 
Rb2(t) = R Q + QPQe - — p ^ - (1 - e — ) 
Again a Taylor series expansion gives 
t - t l 
R
b 2
( t ) = Ro * g y t (1 - l i - - - . - ) e""^P* 
^ zr-
which under the given conditions, t* <<,T" , may be approxi-
mated by 
Rb2(t) = R Q + Rbe" 7- (19) 
The response of the barretter under the conditions given by 
equations (18) and (19) is shown in Fig. 5 c Equation (18) 
indicates that the change in barretter resistance is direct-
ly proportional to the product P t, the energy of the incident 
rectangular pulse. With a constant d-c bias current applied, 
a voltage is developed across the barretter terminals that 
is proportional to the energy stored in the detector. There-
fore, the barretter with its time constant long in comparison 
with the applied pulse width is readily adaptable to appllea-
tions of peak power measurements(13). Since < = _JE, the 
barretter temperature variations under these conditions are 
dependent upon the specific heat and the thermal conductivity, 
which are in turn dependent upon the mass of the element. Thus, 
if the heat and the thermal conductivity of the barretter 
element are constant during the given pulse interval, the 
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temperature of the barretter may be expected to rise linearly 
with the energy supplied at a constant rate by the applied 
rectangular pujse. The barretter under these conditions is 
often described as a "long time constant" detector. 
Differentiation of the voltage developed across the 
barretter under the conditions of the long time constant re-
sults in a signal that is proportional to the rate at which 
the thermal energy is stored in the detector, that is the in-
stantaneous power applied to the detector. This differentia-
tion results in the original envelope of the applied modulated 
signal. Then because of the good square-law characteristics 
of the barretter, this detected signal is proportional to the 
instantaneous power of the applied microwave signal. It has 
been shown (13) that a satisfactory peak power meter may be 
obtained by the use of the long time constant barretter follow-
ed by a differentiating circuit; the resulting signal is dir-
ectly proportional to the power envelope of the applied pulse 
and a definite correlation exists between the amplitude of 
the output voltage and the incident microwave pulse. Fig. 6 
shows the results to be expected from such a system. 
The sensitivity of the barretter is reduced when used 
as the long time constant detector. Since only the initial 
slope of the resistance rise of the barretter is used, only 
a fraction of the total resistance variation is utilized, 
giving the rather large reduction in sensitivity. A reduction 
in the sensitivity of 50 per cent or greater is to be expected, 
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As a means of characterizing the long time constant 
detector, it has been proposed (13) that the pulse character-
istics of the barretter may be best described in terms of the 
resistance rise created by a pulse of one milliwatt amplitude 
and of one microsecond duration. This resistance rise in ohms 
per milliwatt per microsecond is defined as the pulse sensiti-
vity constant. The pulse sensitivity constant is.the initial 
slope of the barretter response per milliwatt per microsecond 
and is defined graphically in Fig. 7. 
Although the above discussion was limited to only the 
single problem of pulsed incident power, the general results 
obviously may be extended to other waveforms. It was shown 
that for the initial rise of the barretter response the detec-
tor output is proportional to the incident power and that by 
differentiation the original waveshape can be restored. This 
is true regardless of the waveshape, provided that the signal 
is pulsed and there is sufficient time between the pulses 
for the barretter resistance to return to its original biased 
conditions. Thus, during this limited time interval the in-
cident pulse may have any form and still maintain a linear 
correspondence with the differentiated output. For many 
applications this is not too stringent a requirement. 
Minimum Detectable Signal.--As with the crystal, the minimum 
detectable signal is defined as the input power level equal 
to the noise level of the system. If equation (26) in Appendix 
2 is solved for the condition of the constant applied microwave 
Time (^usec) 
Time (^usec) 
Figure 6. Detection by the Long 
Time Constant Barretter 
Pulse Sensitivity Constant 
(ohms/mw/^u sec) 
Time (>csec) 
Figure 7- Pulse Sensitivity Constant 
Definition 
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power for time greater than some reference, (that is 
P(t) = PM for t > t - 0), the steady state solution for 
R,(t) after substituting into equation (39) is given by 
Rb = Ro * *PH 
where Q «• ^ R iis defined with equation (40) in Appendix 2 
to be the power-sensitivity constant. If the barretter is 
operating with a constant-current bias source, the output 
video signal is given by 
v ' !b<Ro V QPM> 
The noise voltage for a system with a particular bandwidth 
and temperature is given in Appendix 1 to be 
e = v/4KTR B v o w 
Then the signal-to-noise ratio may be expressed as 
£ -- W 
N
 A K T R ^ <20> 
since it>R0 is the bias voltage applied to the barretter and 
i^QP is the change in voltage output as a result of the applied 
microwave signal. Then if the signal-to-noise ratio is set 
equal to unity, the minimum detectable signal is given by 
< P M > m i n
 = A K T Ro Bw 
'bQ (21) 
k3 
It is desirable to compare this result with that derived for 
the crystal in equation (8), where 
(pM )m i n - { ^ 1 
M 
ibQ 
The factor is comparable with the figure of merit, M, 
S*o 
used with the crystal and has the same units of volts per 
watt of incident power. Therefore, the minimum detectable 
signal is dependent upon the bias current, the barretter 
power-sensitivity constant, the system bandwidth, and the 
spectrum of the incident signal. This result is comparable 
with that for the crystal except that the crystal has no fac-
tor to compare with the bias current required with the barretter. 
The bandwidth, Bw, is considered as a variable only in 
the sense of narrow bandwidth systems. Because of the rather 
long thermal time constant of the barretter the video response 
is very poor, limited to frequencies below approximately 2000 
cycles, and the barretter is of little value as a wide band 
detector. Therefore, the barretter is normally operated as 
a narrow band detector. 
By assuming for pulse modulation of the incident signal 
that the response of the barretter is perfect, (that is the 
square-law and the frequency response is ideal), it is pos-
sible to obtain a relationship between the maximum amplitude 
of the pulsed incident signal and the detected fundamental 
frequency that is passed through a narrow bandwidth detection 
system. By a Fourier expansion of the pulsed signal, the 
kk 
voltage developed across the barretter as an even function is 
given by 




. 2 . #<1\ "̂ t 1 
* _ s,n (£) cos — J 
where 2p is the period of the input signal and 2q is the pulse 
width. Then for a uniform square wave of p = 1 and q z i 
v(t) = ibQPG 
1 , 2 ^t 
— + Z. cos — l 2 ir P J (22) 
Then if the system bandwidth is sufficiently narrow to pass 
only the fundamental, the rms voltage at the barretter output 
is given by 
/2~ 
v = - i.QP 
rms Tr b^ o (23) 
This alters the result in equation (21) when only the funda-
mental component of the detected pulsed signal is available 
at the output and 
"^V^KTRftB 
p D> W 
min ibQ (2*0 
The minimum detectable signal for Wollaston wire 
barretters are normally in the order of 10"^ microwatts. 
Summary."-The characteristics that describe the barretter per-
formance as a video detector or as a relative power indicating 
device may be summarized as follows: 
1. For small changes in the applied power level a very 
good square-law response may be obtained over a wide dynamic 
k5 
range. 
2. Calibration may be easily accomplished and the 
resulting errors closely approximated. 
3. The barretter has a theoretical minimum defceot-
-4 
able signal in the order of 5 x 10 microvolts for a 25 cycle 
bandwidth. ' :-•..•,<• 
4* The detector element itself is insensitive to 
frequencies below the maximum design frequency; the mount 
and associated circuitry introduce the frequency limitations. 
5. Because of the relatively long thermal time eon-
stant,: video detection is not practical above about 2000 cps. 
6. With modulation pulses that are short as compared 
with the thermal time constant it is possible to obtain a 
direct relationship between the detected and applied signals 
within the barretter square-law limits. By differentiating 
the detected signal, good pulse reproduction with a square-
law response may be obtained but with a loss in sensitivity. 
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CHAPTER;, rv 
TEST PROpD^IS AND APPLieATIiNS 
Laboratory Equ i pmen t •« - - Severe 1 methods have been established 
for the measurement ©f many of the characteristics of the 
crystal and barretter detectors(11). The laboratory tests 
outlined below were conducted to verify several of the im-
portant characteristics of the detectors outlined in Chapters 
I 1 and 111; the objective was not t© establish new or unique 
techniques of measurements. These tests should substantiate 
the general theory of the operation of these detectors and 
together with the remainder of this report provide a suf-
ficiently complete anal ysi s that these detectors may be more 
completely understood with respect to each other in their res-
pective applications. Mowever, the results obtained here are 
intended to be only typical and should not be applied direct-
ly to a particular application without proper consideration. 
The crystals and barretters used in the laboratory tests 
were taken from available commercial types. A summary of the 
characteristics to be expected from these detectors are given 
in Table 1; this gives an indication of the results that may 
be expected. 
The basic laboratory test system is shown in Fig. 8. 
The VSWR meters that were used as the output device in many 
of the tests have very narrow amplifier bandwidths that are 
Table 1. Detector Characteristics 
Crystals Bolometers 
Minimum Signal 9 x 10"6 5 x )Q'k 
(For a 25 cycle bandwidth microwatts microwatts 
Range of Square-Law Noi se Noise 
(Noise to 2% deviation to 0.25 to 200 
from square-law microwatts microwatts 
Db Variation from Noise kk db 56 db 
to 2% deviation 
from square-law 
Usable db Variation 
(10 times noise to 
2% deviation from 3k db 46 db 
square-law for the 
25 cycle bandwidth) 
Microvolts/microwatt 5000 21 
Bias Source None Requi res 
d-c bias 
Video Time Constant Approxi-
mately 
0.002 micro-







Courtesy Polytechnic Research and Development Company(8) 
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tuned to 1000 cps. Therefore, the modulator for the test 
oscillator must have its fundamental frequency tuned to the 
mid-frequency of the video amplifier band pass. The modula-
tion signal used was a square wave with very fast rise and 
decay time; this was necessary to allow a rapid transition of 
the oscillator to the condition of full operation and to re-
duce the chance of modulation distortion. In determining the 
incident power at the detector mount it was necessary to make 
several assumptions; this results in an unknown error but one 
that should be acceptable for these tests. First, it was 
necessary to assume that the power absorbed by the barretter 
element used with a power bridge is the microwave power in-
cident upon the mount. Then it was assumed that the micro-
wave power detected by the barretter is the same as that de-
tected by the crystal when the two detectors are interchanged 
in the same mount with optimum tuning. These errors are in 
addition to the normal errors experienced in power measure-
ments(ll). The power bridge was used to establish a particu-
lar reference power level at the detector mount by varying 
the uncalibrated attenuator in Fig. 8. Then the power bridge 
was removed and the output indicating device used in its 
place. The calibrated attenuator was then used to provide 
the required variation in the input power. All measurements 
were made in db or dbm. 
The first crystal detector shown in Fig. 8 was used as 
a power monitor, that is the power level of the input to the 
kS 
variable attenuators was observed for any variations in the 
oscillator output or for any effect from overloading. The 
nonlinear characteristics of this crystal were not of impor-
tance since the applied power level stayed essentially con-
stant and only an indication of a variation in power level 
was required. A wave meter was also inserted here to measure 
the frequency of the microwave oscillator. 
Three separate test systems were used, as may be seen 
in Fig. 8, with 10,000, 35,000, and 70,000 megacycles per 
second as the approximate frequencies of operation. The 
test set-up for the three systems was basically the same. 
An interchangeable detector mount was used at 10,000 mcps 
but separate mounts were required for the crystal and barret-
ter for the other two systems. An E-H tuner was placed be* 
tween the detector mount and the wave guide in all tests to 
provide an additional variable in controlling the microwave 
impedance match. 
Essentially the same tests were performed on both 
types of detectors and at each frequency. The tests were 
intended to demonstrate more clearly the correlation between 
the crystal and the barretter as video detectors and toshow 
the similarity at the three frequencies. 
The Crystal.--The dynamic response for the 1N23B crystel at 
10,600 mc. with a 200 ohm load is given in Fig. 9. The gen-
eral shape of the output voltage curve may be seen to be 
similar to curve C in Fig. 1. Hence, this crystal With a 
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200 ohm resistive load has a square-law response to approxi-
mately -25 dbm; then the response curve rises above 2 to a 
maximum close to 3 and decreases to its large signal limit 
of 1. In the region between the limiting cases of small and 
large signals there is not a smooth transition from the square-
law to the linear detection. As stated in Chapter II, the 
variation in the detection law, or the exponent given in 
equation (6), is dependent upon the crystal parameters and 
the load resistance. The results of similar tests on two 
othercrystal types is shown in Fig. 10 for a load resistance 
of 200 ohms. Although the curves are not identical, the gen-
eral shape is the same; that is, the square-law response of 
the detector extends to a maximum power level of about -25 
to -30 dbm. There is a sufficient difference in the crystals 
that it is not possible to obtain a general calibration curve 
and expect any reasonable accuracy from crystal to crystal, 
even within the same type. At the power levels larger than 
approximately the maximum of the response curve given in Fig. 
10, the power series approximation given in equation (2) is 
no longer adequate. At these higher power levels the crystal 
spreading resistance (the resistance caused by the transition 
from the small point contact to the larger semiconductor body) 
is no longer negligible and considerably influences the crystal 
response(S). 
Although the response curve in Fig. 9 is obtained as an 
experimental plot of the output video voltage as a function of 
the power incident upon the detector, the response could just 
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as wel1 have been given by a plot of the detector circuit out 
put current as a function of the relative magnitude of the 
transmission line voltage or field strength. This latter ap-
proach is not preferred since it is difficult to define volt-
age in waveguides at these frequencies. 
No qualitative information may be obtained from these 
tests about the maximum frequency limits of these particular 
crystals. The operation of the crystal at these frequencies 
appear normal and in agreement with that to be expected. At 
the higher frequencies it is more difficult to obtain depend-
able results because of the additional losses and attenuation 
that are present and the more critical tuning required. 
As discussed in Chapter II, the impedance mismatch 
between the crystal and the transmission .1ine is related to 
the incident power level. Hence, it is necessary to retune 
the mount at each power level of incident power. The effect 
of not tuning the crystal mount and the E-H tuner is shown in 
an approximate result in Fig. 11. This curve indicates that 
the error introduced by this impedance mismatch is more pro-
nounced at the higher power levels where the deviation of the 
crystal response from the square-law is greater. The error 
introduced by this mismatch over the dynamic range given in 
Fig. 11 was found to be in the order of 0.8 to 1.0 db. How-
ever, if the crystal is operated within the limits of its 
square-law range (to a maximum of about -30 dbm), the effect 
of this error is usually negligible. 
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As indicated by equation (7) it should be possible to 
obtain a unique value of the load resistance that will extend 
the square-law response beyond the limits indicated in Fig. 10 
by as much as 10 to 15 db. In addition, this equation gives 
a theoretical means of determining the actual voltage applied 
across the crystal. Fig. 13 shows how the response law for 
the 1N21 crystal varies as a function of a varying load re-
sistance. The result for this crystal is in agreement with 
similar tests performed on the 1N21B and 1M26 (6,7). For the 
1N21B it was found that optimum response was obtained with a 
resistive load of 11,400 ohms; the optimum response for the 
1N26 corresponded to approximately 3900 ohms. The load re-
sistance obtained for the 1N21B by experiment agreed favorably 
with that obtained by equation (7) discussed above(7). The 
results obtained in Fig. 13 were obtained by placing a 5000 
ohm potentiometer in series with the input to the VSWR meter 
as shown in Fig. 12. 
Although the square-law response may be improved by the 
proper choice of the load resistance, this is not so simply 
done. There is no assurance that the desired response curve 
is obtained with good accuracy unless a check is made on each 
crystal because of the variations in the crystal parameters. 
In addition, there is an increase in the system noise with 
the increasing load resistance that limits the minimum power 
level of operation. This effect may be seen in Fig. 13. 
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With both the microwave and video impedance match in-
fluencing the crystal detection law, it seems impossible to 
obtain optimum response with varying input power and frequency 
with a fixed-tuned crystal mount. 
The video response of the crystal is also dependent upon 
the value of the video load as stated in Chapter II. The rela-
tion between the video response and the square-law response 
is such that it is generally not possible to obtain optimum 
conditions for both with one value of the load resistance. 
With the aid of the small positive bias shown in Fig. 12 it 
is possible to improve considerably the video response of the 
crystal. Fig. 1k gives the video response of a 1N53 crystal 
at 35,000 mc. with a varying bias. This shows a considerable 
improvement of the pulse response with very little reduction 
in sensitivity. 
The Barretter.--For small changes in its operating temperature, 
the barretter is a very good approximation to a square-law 
detector. The experimental static response of two barretter 
detectors is shown in Fig. 15; this shows that the square-law 
response is very closely approximated by the barretter for 
relatively small changes in applied power over a wide dynamic 
range. The sensitivity of these detectors may be obtained 
from the static curve; both these curves have a typical sensi-
tivity of about 13 ohms per milliwatt of applied power. Thus, 
the power sensitivity constant, Q, in equation (12) has a value 
of 13 ohms per milliwatt for these barretters. The approximate 
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output voltage sensitivity may be obtained by the product of 
the bias current and the above resistive sensitivity. Thus, 
for a bias current of k.7 milliampers there is a total volt-
age variation of 61 millivolts output per applied milliwatt 
of power. 
The deviation from the desired square-law response in 
Fig. 15 may be determined approximately by extending a tangent 
from the given operating point and measuring the per cent 
deviation from square law s ^ R T AR (100), where A R T 
ART 
is the ideal square-law resistance variation per increment of 
applied power, and AR is the actual variation of the barret-
ter resistance for this increment of applied power. Varia-
tions in the order of one per cent per milliwatt are to be 
expected. 
Below the design frequency limits, the d-c heating 
effects approximate very closely the microwave heating; there-
fore, the dynamic response of the barretter wi11 be very close 
to that obtained by the static test. Fig. 16 gives a plot of 
the experimental results obtained which should be typical of 
the results to be expected for all barretters. Note that on 
a loglog graph there appears to be a linear relation between 
the error and the actual barretter response. Thus, if the 
barretter bias is properly adjusted and if the detector is not 
overloaded, the resulting error may be approximated from these 
two curves. This is the error resulting from the deviation 
from the square-law response; this must be added to the other 
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system errors(io). 
In Chapter Ml the two limiting cases are discussed 
that describe the barretter as a useful instrument; that Is 
the conditions for the long and short time constant applica-
tions. Most often only the short time constant (the barretter 
time constant short relative to a period of the applied signal) 
application is considered as practical. Fig. 17 gives the 
response of three barretters operating as "short time constant1' 
detectors. Prom these curves It was calculated that the ther-
mal time constants were approximately 60 microseconds, 60 
microseconds, and 80 microseconds respectively for the PRD617 
at 35,000 mcps, for the PRD634 at 70,000 mcps, and for the 
N821B at 10,000 mcps. Hence one sees that barretter time con-
stants are In the range of 60 to 80 microseconds; this re-
stricts the frequency components of the applied signal to be-
low a maximum of about 2000 cps if an acceptable response is 
to be obtained. This is a rather severe restriction. The 
barretter is therefore useful as an envelope detector only 
for the less common low frequency applications. The barret-
ter may, however, be used as a power detector for various 
waveshapes providing the period of the fundamental component 
of the incident signal is long compared to the detector time 
constant. Then as indicated in Chapter M l , it is possible 
to establish a relation between the detected fundamental com-
ponent and the incident signal provided Its approximate wave-
shape Is known. 
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The other limiting case of the long time-constant de-
tector requires that the barretter time constant be long as 
compared with the period of the reoccurring incident signal. 
Fig. 18 shows the response obtained experimental 1y for a 
particular barretter operated under these conditions. The 
response shown is in very close agreement with the results 
predicted by equations (18) and (19). During the interval 
of the pulse, the response of the barretter was very nearly 
a 1inear output as predicted. The sensitivity for this out-
put signal cannot be determined as easily as the static or 
steady-state sensitivity which applies for the short time 
constant response. However, as stated in Chapter III if this 
output is linear for the duration of the pulse, the response 
and the sensitivity can be determined from the initial slope 
of the barretter response by use of equation (11). Therefore, 
the pulse sensitivity constant as defined in Fig. 7 may be 
theoretical 1y obtained by differentiating the output given 
in equation (11), and evaluating the output at t = 0 to ob-
tain the initial slope. This states that the pulse sensitivity 
constant is dependent upon the barretter time constant, 7" > 
and the power sensitivity constant, Q, for long time-constant 
conditions. The initial slope under these conditions is given 
by 
31T®bl<0> ' f Po 
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For the barretter used as an example above, the values of 
Q = 13 ohms per milliwatt and T = 80 microseconds predict 
a pulse sensitivity of 0.163 ohms per milliwatt per micro-
second. With a bias current of k.7 millampers the pulse volt-
age sensitivity was then 0.761 millivolts per milliwatt per 
microsecond. This compares very closely with the-results ob-
tained by laboratory experiment. The steady-state sensitivi-
ty was measured to be 60 millivolts per milliwatt for the PRD 
617 barretter in Fig. 17 and its time constant was measured 
to be approximately 80 microseconds; therefore, the voltage 
pulse-sensitivity was 0.75 millivolts per milliwatt per micro-
second. Thus, the results obtained by static measurements 
are sufficiently close to the dynamic results that the char-
acteristics may be determined by static measurements and the 
barretter theory given in Chapter ill. The maximum output 
voltage to be expected from the barretter operating as a long-
time-constant detector is given by the product of the above 
pulse voltage-sensitivity and the pulse width of the applied 
signal. 
Applications.--Several of the common applications of the crys-
tal and the barretter discussed at points throughout the above 
text may now be summarized with respect to their general char-
acter! sties. 
The VSWR measurement is one that often utilizes both 
the crystal and the barretter. In general, the barretter is 
more suitable for this task since only a relative measurement 
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is required and the same waveform is present throughout the 
test. The square-law characteristic of the barretter allows 
a relatively accurate measurement for small values of the 
VSWR. Several techniques have been advanced for obtaining 
very acceptable results(ll). However, at very low power 
levels the barretter sensitivity is not adequate and the crys-
tal is preferred. The crystal is acceptable at power levels 
below about -30 dbm since it has an approximate square-law 
response in this range and has a much greater sensitivity 
(250:1) than the barretter. Thus, if care is taken to insure 
the power variations applied across the crystal do not surpass 
this upper limit, the crystal will give acceptable results^at 
these lower power levelsj the barretter may be used as a com-
plementary device for power levels above the acceptable range 
of the crystal because of its greater dynamic range. If pos-
sible, the barretter is always to be preferred for any type 
of relative power measurement because it is a closer approxi-
mation to the true square-law detector over its entire range. 
The requirements for attenuation measurements are about 
the same as with the VSWR. The barretter is preferred except 
at the low power levels where the barretter sensitivity will 
not yield a sufficient output and the crystal is an approxi-
mately square-law device. Large values of attenuation should 
be measured with care, using either detector, since the large 
variation in power levels may introduce considerable error 
if the detector operation expands into the power level region 
for which it is not a suitable detector. 
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•*•' In general, the crystal may be used for two types of 
applications: those that require square-law power detection 
and those that require a good video response. As compared 
with the barretter the crystal is able to provide a much 
better video response and is thus better adapted for modula-
tion detection. Although the response is influenced consider-
ably by the crystal load, the response may be improved by 
applying a small d-c bias or by the proper choice of the load 
resistance. The crystal video response is normal 1y signifi-
cantly better than may be obtained by other detection methods. 
However, the crystal operating as a modulation detector does 
not allow a direct correspondence between the magnitudes of 




As indicated in Chapter I, it is perhaps not too 
profitable to compare directly the crystal and the barretter 
without first studying the basic differences in the two meth-
ods of detection. Once the basic characteristics are known, 
the utility of each detector for any particular application 
may then be very easily determined. 
First, it was pointed out that the crystal is a point-
contact type of rectifier while the barretter is an electrical 
to thermal energy converter yielding a change in resistance 
that is the consequence of a change in temperature. Neither 
device is a transducer in that it does not generate the elec-
trical output; the crystal performs as an electronic rectifier 
and the barretter merely modulates a flow of current. The 
major difference in the two detectors is primarily dependent 
upon their respective means of detection. In comparison with 
the thermal time constant of the barretter, the crystal has 
a much shorter time constant (a no load time constant of about 
-3 
10 microseconds as compared with that of about 80 micro-
seconds for the barretter) which gives the crystal a relatively 
good video response. The second major factor is the dynamic 
response law; the crystal is able to maintain its square-law 
response only at the very low power levels (noise to about 
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-30 dbm) while the barretter has an approximate square-law 
response for small changes in temperature over its entire 
realizable power spectrum. These characteristics may not be 
completely stated this simply. The video and power response 
of the crystal is acutely dependent upon the video load; the 
optimum video response occurring for an infinite impedance 
and the optimum square-law response occurring for a unique 
video resistance in the order of a few thousand ohms. Thus, 
it is not possible to obtain both the maximum square-law and 
video response simultaneously. However, an additional improve 
ment in the video response with a slight decrease in sensitivi 
ty may be obtained with the addition of a small d-c bias. The 
video response of the barretter is a function of the thermal 
time constant; this may be reduced to a sizable degree only 
by decreasing the physical heat capacity of the barretter ele-
ment (metallic films as used in radiation measurements is an 
example). 
An important characteristic of the crystal is its very 
good!sensitivity with respect to other video detectors. At 
the frequencies in the order of 10,000 mcps the crystal sensi-
tivity is about 250 times greater than the sensit1vity of the 
barretter. However, because of the increasing influence of 
the barrier resistance and shunt capacity at the shorter wave-
length, the sensitivity of the crystal decreases considerably 
with decreasing wavelength and approaches that of the barret-
ter at the millimeter wavelengths. Because of this greater 
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sensitivity the crystal has a minimum detectable signal that 
may be as much as 15 to 20 db below that of the barretter. 
At the low power levels where the crystal is a square-law 
detector, the crystal is preferred over the barretter as a 
























Figure 8. Laboratory Test System 
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Figure 12. Test System for the Crystal Bias 
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FIGURE OF MERIT 
The figure of merit, M, is related to the video resis-
tance of the crystal and to its current sensitivity. This 
parameter is defined in an attempt to obtain a general char-
acteristic of the crystal performance as a video detector. 
The figure of merit is proportional to the signal-to-noise 
ratio of the crystal and is determined by the rectification 
properties and the noise generation of the crystal. 
To determine the figure of merit, measurements are 
required of the crystal video resistance and short circuit 
current (or current sensitivity) and the equivalent noise 
resistance of the video amplifier used with the crystal must 
be known. In general, the figure of merit only yields informa 
tion on the detector performance at the single incident power 
level and thus does not furnish all the information needed to 
describe the crystal. 
A crystal detector under the desired ideal square-law 
conditions will pass a current proportional to the microwave 
power, PM, given by 
1 = SPM 
where S = current sensitivity of the crystal (microamperes 
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per microwatt). The no load output voltage will then be given 
by 
V s R S P 
oc >v M 
where Rv is the shunt video resistance of the equivalent 
crystal current source. 
With no signal input (or bias) the crystal is in 
thermo-dynamic equilibrium and the video noise for the low 
level operation is almost entirely the Johnson noise of a 
resistance equal to the shunt video resistance of the crystal 
(plus some effect from the input resistance, RQ, to the first 
stage). Hence, the squared noise voltage output, e % is given 
by 
ej = 4KT (Rv 4 Ra) Bw 
where K = Boltmann's constant * 1.38 x 10-3 joules/sec 
T • absolute temperature in °K 
Bw
 s bandwidth in cycles 
Then the open circuit signal-to-noise ratio (S/N) may be 
defined as 
S s v M 
N y «<T(RV + Ra)Bw 
MPM 
/ 4KTBW (25) 
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CD 
where M-= y is defined as the crystal figure of 
v/ Rv - Ra 
merit. This S/N ratio could also apply to the output of the 
amplifier since the major noise generating element, R , and 
the bandwidth of the amplifier have been included in the above 
expressions. Also note that with constant input power the 
M is proportional to the system signal-to-noise ratio. 
78 
APPENDIX 2 
DERIVATION,(IF THE BARRETTER RESPONSE 
Assume that the pulsed microwave power incident upon 
the barretter element is of the form shown in Fig. 5, where 
PQ is the maximum value of the applied power pulse and ti is 
the width of each pulse. 
An approximation to the heat equation for the barret-
ter element under the conditions given for microwave video 
detection may be given by (10) 
d 
cpit u(t) + Vu(t) = P(t) (26) 
where u(t) is the temperature rise in the barretter, c is 
the barretter heat capacity, Y is the coefficient of heat loss 
to the surrounding and P(t) is the time dependent power inci-
dent upon the barretter. Define uj(t) as the barretter temp-
erature during the power pulse as given in Fig. 5a and u«(t) 
as the barretter temperature between the pulses. Also for 
the nth cycle of the applied pulse train assume that t = 0 
corresponds to t s (u-l)T, that is the origin is shifted to 
the beginning ©f the nth cycle. Then during the pulse of the 
nth cycle, equation (26) may be written as 
i 
Po = Gp dt u,(t) * Yuj(t) 
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Applying the Laplace Transforrn to the equation given above, 
the result is given as 
P / I 1 \ u,(n) 
o o\(s) = ~? i — — T — r 
1 r Vs s f - X - / s+ JL CP GP 
Therefore 
lo ( V t \ *~ t 
^ ] ( t ) = er U -• e" ^ 1 4 U ] ( n ) e"""^ 
This result applies to the nth cycle and the time constant 
may be defined as 7~ : £E 
For the time interval between pulses, assume another 
time shift so that t = (n - 1)T 4 t, corresponds to t = 0. 
Equation (26) may be rewritten under these conditions as 
d 
P(t) = o = Cpdt u2(t) 4 STu2(t) 
o = cpSu2(S) - cpu2(t1) 4 **u2(S) (28) 
However, since the temperature of the barretter cannot change 
immediately, u«(tj) = Uj(t). Substituting the t = tj into 
equation (27) results in the following equation which is then 
substituted into equation (28). 
PG -t t1 
uj(t) = T (1 - e"r) 4 u r(n)e
-T 
— 11 t"tl -
u2(t) = jr 0 -.e-r)e" r 4 u](n)e'
T (29) 
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It is necessary to shift equation (29) back to the origin given 
with equation (27) by replacing t with t - t j , giving 
P t1 t"t] "t 
M O = -3F (1 - e 'T-) e " T 4 uT (n)e"^" (30) er 
Note in F ig . 4 that at t = T, u 2 ( t ) = u2(T) = Uj(n 4 1 ) . 
Therefore, rewriting equation (30) 
I p h. T"t1 
u1 (n I D - u , (nje"
7* = ~§ (1 - e" "H e ~ (31) 
This is the first order difference equation of the form (14) 
u. (n 4 1) - au (n) = b (32) 
This may be rewritten in the ordinate form as 
r r 
u , ( u 4 1 ) - a u \ ( n ) = b I 
Applying the Laplace Transform, th is reduces to 
ew U l ( w ) - u,(n = o) P ( w) I - au ]M s w 
where u^(n = 0) corresponds to the initial temperature of 
the barretter. However, since u(t) is defined as the tempera-








With the constant u.(n) now evaluated, the relations for the 
barretter temperature may be obtained for both during and be-
tween the applied pulses. Hence, equations (27) and (30) may 
be written as 
u,(t) = ̂  0 - e > ) 4 b(an - 1) e -i (33) 
^ a - 1 
u*(t) • ° (1 - e T-) e—rr1 4 b(an-l) e ^
L 
T B._} (34) 
Equations (33) and (3^) above give the temperature 
of the barretter element at any given time during or between 
pulses of the nth cycle of the applied microwave signal as 
given in Fig. 5. Since for all practical purposes the applied 
signal may be assumed to be recurring, the steady-state solu-
tion for the nth cycles is adequate. Therefore, it is neces-
sary to remove the transient component from the above equation. 
First, referring to equations (31) and (32) it is possible to 
obtain 
o ti £!l -nT 
b(an-l) . po (e-¥- - 1)0 - e ~ ) e "T 
* (l - e *?) (35) 
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Substituting this into equations (33) and (3*0 yields 
oi'(t) = -T? 
i / *\ al 
1 - e'r( 1 -(e~ - l)(e"~ 1 1) 
1 - e">-
u2(t) 
P 1-[o -T 
* e 
t, t! nT 
e ^ - 1 * (e"^ - 1)(e"~ - 1) 
1 - eT 
(35) 
(36) 
The transient portion of this solution may be removed by as-
suming that n>> 1, that is the pulse train is very long as 
compared with one cycle. It is then obvious that nT>) T, and 
since T^ tj, it must be also true that nT }) tj. Making this 
simplification, equation (35) and (36) will reduce to the 
following steady-state solutions: 
T-t 
"1 (t) • y (l - e 
« 2(t> 
L® 
for o - t £" t 
for t, ̂  t ̂  T 
(37) 
(38) 
where t=0 corresponds to the beginning of a cycle. 
The resistance of the barretter as a function of time 
may be related to its temperature by 
Rb ( t ) = Ro 1 \ oK u(t) (39) 
where cA is the temperature coefficient of resistivity of the 
barretter. The steady-state variations of the barretter may 
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therefore be given approximately by the following pair of 
equations: 
1 . _T-t, 
-T- I - e "bi<«» '-\* ir<, r - • — r r rj 1 - e" -̂ 7 f^0) 
-M I t" t i 
,b 2vw - *Q t vr0 i - - f " 
1 - e' --p •»k,(t) s R„ • QP„ ( l ^ L - |e" 7 
R 
1 - e-1 / OH) 
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